Microchannel plate (MCP) detectors have been the detector of choice for ultraviolet (UV) instruments onboard many NASA missions. These detectors have many advantages, including high spatial resolution (<20 µm), photon counting, radiation hardness, large formats (up to 20 cm), and ability for curved focal plane matching. Novel borosilicate glass MCPs with atomic layer deposition combine extremely low backgrounds, high strength, and tunable secondary electron yield. GaN and combinations of bialkali/alkali halide photocathodes show promise for broadband, higher quantum efficiency. Cross-strip anodes combined with compact ASIC readout electronics enable high spatial resolution over large formats with high dynamic range. The technology readiness levels of these technologies are each being advanced through research grants for laboratory testing and rocket flights. Combining these capabilities would be ideal for UV instruments onboard the Large UV/Optical/IR Surveyor (LUVOIR) and the Habitable Exoplanet Imaging Mission (HABEX) concepts currently under study for NASA's Astrophysics Decadal Survey.
INTRODUCTION
Photon counting, imaging microchannel plate (MCP) sensors are widely used in astronomy, high energy physics and remote sensing applications [1] [2] [3] [4] [5] [6] [7] [8] . Sensing of photons, charged particles, and neutrons can be accomplished using high detection efficiency photocathodes 8 in open faced detectors (< 110nm range) or in ultra-high vacuum sealed tube devices (>110nm range). In response to the upcoming decadal survey in 2020 several initiatives are being examined as future NASA observatories. Amongst these are the Large UV/Optical/Infrared Surveyor (LUVOIR) and the Habitable Exoplanet Imaging Mission (HABEX). Those efforts are complemented by studies of new mid-range missions called "Probes". Cosmic Evolution Through UV Spectroscopy (CETUS), a Probe mission currently selected for study, is a UV/optical counterpart to these observatory missions.
Both the LUVOIR and HABEX mission concepts plan to have a suite of instruments to perform multi-wavelength observations. LUVOIRs science goals include, but are not limited to, epoch of reionization, through galaxy formation and evolution, star and planet formation, solar system remote sensing, and exoplanet characterization. The main goal of HabEx is to directly image planetary systems around Sun-like stars, but plans to have the capability to perform a broad range of general astrophysics studies. The CETUS mission concept will combine a 1.5 m aperture, wide field of view telescope with UV detectors for imaging and spectroscopic surveys to address a variety of topics in 
MCP DETECTORS AND READOUTS
A schematic of an MCP detector scheme is shown in Fig. 1 . In this device, the radiation passes through the input window and is converted to photoelectrons by a photocathode. The window is used for ultra-high vacuum sealed tube devices where the photocathode can be deposited on the window as a semitransparent layer, and/or on the top of the front MCP as an opaque layer. Below wavelengths of 110 nm a window cannot be used and these devices are made "open-faced". The emitted photoelectrons from the photocathode are amplified by a pair, or triplet, of MCPs and then detected by a readout anode. The latter can take many forms, however, we have significant efficacy with readouts that are patterns of conductive strips in both the X and Y directions. Determination of the single event X and Y positions can be achieved with pulse arrival time differences at the end of delay lines (cross delay line (XDL) anodes 4 ) or from the centroid of the charge footprint sampled by a cross strip anode (XS) 9, 10 . Time tagging of events to < 100 ps 1, 11 , and position resolution < 20 µm 3,9,12 can be achieved with such readouts. Background rates can be exceeding low (<0.05 events cm -2 sec -1 ) 13 , MCPs are inherently radiation hard and have low sensitivity to gamma ray flux 14 . Electronic readout MCP sensors have been used as photon counting, imaging, event time tagging detectors for a number of astronomical 8, 15, 16 , remote sensing 17 , time resolved biological imaging 18 , photoelectron emission spectroscopy 1 and night time sensing 19 applications. The development of large area, high performance, photon counting, imaging, timing detectors also has significance for "open faced" configurations for UV and particle detection in space astrophysics, mass spectroscopy and many time-of-flight applications. Furthermore, sealed tube configurations for optical/UV sensing also have applications in detection of Cherenkov light (RICH), scintillation detection, and neutron imaging applications 20 . Cross strip readouts are of particular interest since they have the capability to be scaled for the largest format detectors and generally have best spatial resolution and highest event rate handling capability. The largest XS detector to date is ~100 mm format 21 , a typical XS anode (95 mm) is shown in Fig. 2 . The latter was incorporated into a detector system (Fig. 3 ) with a pair of MCPs with 8 µm pores and 4 × 64 channel amplifiers with downstream ADC/FPGA's (Xilinx Virtex 6) giving ~18 µm spatial resolution at rates up to 5 MHz.
ATOMIC LAYER MCPS USING BOROSILICATE SUBSTRATES

Borosilicate microcapillary arrays with ALD functionalization
Amplification of single particle or photon events using "standard" MCPs to multiply the primary emitted electrons has been accomplished with lead glass microcapillary arrays 6 . Until recently there :L»!SIRÑÑ NÑ has been no "major" change to this method of producing MCPs for decades. Nano-fabrication using atomic layer deposition (ALD) on borosilicate microcapillary arrays offer a completely new way to build MCPs. The initial fabrication steps parallel conventional MCPs, but use inexpensive hollow borosilicate tube arrays ( Fig. 4 ) with no need to remove a core glass. Resistive and then secondary emissive layers are deposited using the ALD process 22 and final contact electrodes are applied thereafter. The borosilicate substrate (Fig. 5 ) has a high glass softening temperature (>700 °C) allowing various unconventional processes to be accomplished with these MCPs. Fig. 7 . With the high secondary emission coefficient of MgO we get better multiplication and this results in tighter saturated pulse amplitude distributions. This is very useful for event discrimination and reduction of signal dynamic range in application with modern low gain imaging detector readout schemes. The robustness of the ALD and substrate material has also proven advantageous in achievement of high local event rate capacity. This requires lower MCP resistance to support short recharge times, which is possible with C14 material with significantly reduced risk of thermal runaway compared to conventional MCPs. Local rates approaching 1 kHz per pore with acceptable gain droop have been achieved (Fig. 8 ) with low resistance ALD MCPs even at fairly high gain (5 × 10 6 ). At nominal gain (~1 × 10 6 ) for XS detectors the achievable rates would be proportionally higher. r . excellent gain stability when new. After prolonged storage, they show a gain "dip" and then recover to the initial gain levels.
Borosilicate ALD MCP Preconditioning and Lifetime Characteristics
The lifetime and preconditioning of ALD MCPs is significantly different than conventional MCPs 25 . The secondary emissive MgO or Al 2 O 3 layer for ALD MCPs is the most important factor for the behavior of the stability of ALD MCPs. Al 2 O 3 shows a decrease in the secondary emission coefficient during surface cleaning 26 . We have seen that the gain drops on Al 2 O 3 coated MCPs during high current 1000V
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"burn-in", but the total charge extraction for stabilization is smaller than for standard MCPs 27 . However, there is an increase in MgO secondary emission coefficient during surface cleaning 26 . With early (C5) devices we have seen significant increases (×10) in MgO ALD MCP gain when subjected to a 350 °C vacuum bake. Subsequently "burn-in" with a high flux at low overall gain showed no gain change at normal operational settings (2 × 10 6 ) after 7 C cm -2 extracted 25 . Recent MgO ALD C14 MCPs show virtually no gain change during burn-in straight "out of the box" (Fig. 9) . This may be attributable to better MgO cleanliness, which is supported by further data on MgO ALD MCPs from the same batch. These were stored in air for over a year, and showed initial gain decrease, but subsequently recovered to full gain 17 . These observations offer a unique advancement in MCP operational stability using MgO ALD C14 MCPs implemented for LUVOIR and other missions.
ALD MCP Background Event Characteristics
Reduction of background signal is as important as having high QE for low signal to noise observations. The background event for conventional MCPs is ~0.25 events cm -2 sec -1 and is dominated by 40 K beta decay in the MCP glass 5 . The low intrinsic radioactivity of the C5 and C14 glass compositions results in MCP background much lower (<0.05 events cm -2 sec -1 ) than conventional MCPs 13 . Pulse amplitude distributions for UV and background events for a pair of MgO coated ALD borosilicate substrate MCPs are shown in Fig. 10 . The UV shows peaked distributions and negative exponential distributions for background events that are generated throughout the bulk of the MCP material. We expect ~0.02 events cm -2 sec -1 for muon detections 5 . The background event image distribution is uniform (Fig. 11 ) even for 20 cm ALD MCPs, with a low incidence of "warm spots" due to debris. Another important factor is background induced by "in-orbit" high energy events. In Figs. 12 and 13 we compare pulse amplitude distributions and detection rates for conventional and ALD MCPs. For MeV Gamma radiation, the ALD MCPs are about a factor of 2.5 lower efficiency (0.8%) than conventional MCPs (Figs. 12, 13 ). This is a result of the absence of lead in the C5/C14 glasses. For MeV Beta radiation, the efficiency is the same (~25%) for both MCP types since the cross sections are similar. However, the charged particle background can be reduced by the use of a s coincidence shield as was done for the EURD instrument. Fast timing (20 ns) of signals at the detector compared to the scintillator allow high energy events to be rejected at up to 85% efficiency 28 . Rejecting high amplitude events above the UV photon gain limit would also help. An estimate of the final background rate suggests values less than 0.03 events cm -2 sec -1 are achievable. 
CROSS STRIP ANODE EVENT POSITION ENCODING ELECTRONICS
In the existing PXS-II (Fig. 14) electronics scheme each strip on the anode is connected directly to a preamp input of a 32-channel the "Preshape32" ASIC 29, 30 . The preamp outputs are shaped unipolar pulses of ~40 ns rise time, ~400 ns fall time and ~1200 electrons RMS noise. The parallel preamp outputs (128 × 128 for 100 mm XS, Fig. 3 ) are post amplified before being continuously digitized by 50 mega-sample per second 12-bit analog to digital converters. These digital samples are fed into an FPGA where they are digitally filtered to determine the event centroid for both X and Y axes. The events are then transferred to a downstream computer as an event list of X, Y, time and pulse height with up to 14 of bits of position binning in each axis. The PXS-II electronics, has achieved ~18 µm FWHM spatial resolution (~5 µm binning) on a 95 × 95 mm XS at rates up to 5 MHz with ~15% dead time. The PXS-II mass and power is not optimal for all space applications, so two application specific iivyvvv/ __. These are designed to decrease the mass and power while improving the event throughput performance 21 . The 16 channel CSAv3 ASIC is a charge sensitive preamp with a 20 ns risetime and baseline return in less than 100 ns. The 16 channel HalfGRAPH ASIC samples the preamp waveform at 1 GHz and digitizes these analog samples with low power Wilkinson ADCs triggered by the preamp. Both these ASICs have been fabricated and integrated into a prototype system (Fig. 15) which has begun testing.
ATOMIC LAYER MCP CONFIGURATIONS AND IMAGING
The majority of applications utilize flat focal planes and thus flat MCPs. However, there are a substantial subset of missions where curved surface MCPs have been used 28, 31 , and this will also be the case for LUVOIR. C14 ALD MCPs have been curved to small radii (Fig. 16 ) and tested in pairs and triplets. The gain, background and sensitivity performance is essentially the same as their flat counterparts. Imaging (Fig. 17) shows hexagonal modulation in the image and average gain map for both the top and bottom MCP of the stack. The level of the modulation is modest (~15%) and parallels the progressive improvements in physical construction for conventional MCPs. The thermal slumping technique used has been applied to MCPs as large as 125 mm. Additionally, the large 200 × 200 mm 2 flat ALD borosilicate MCPs are mechanically robust with gain ( Fig. 18) and background ( Fig. 11 ) performance that is uniform over the whole area. Examination of the imaging performance of the 20 µm pore MCPs in greater detail has been accomplished with a 10 × 10 cm 2 cross strip PXS-II readout detector system 11 . This shows that the MCP pores can be resolved (Fig. 19 ) and shows the bright/dark modulation effects of pore distortions at the multifiber boundaries (Fig. 5) . Large 200 × 200 mm 2 ALD MCPs with 10 µm pores are currently in fabrication, and smaller 33 mm MCPs with 6 µm pores have been made and successfully tested (Fig. 19 ).
6.PHOTOCATHODE OPTIONS AND CHARACTERISTICS
The photocathode material and the detection of emitted photoelectrons by the MCP determine the quantum efficiency (QE) of an MCP sensor 5, 7 . Bare MCPs have relatively poor QE, but the ALD MCPs show better EUV QE than even the best conventional MCPs ( Traditional visible sensitive photocathodes like bialkali (Na 2 KSb) have 30% peak at 350nm but also show high QE in the UV (Fig. 24 ) 33 that has not been previously utilized for UV sensors. We have made a number of large area (20 × 20 cm 2 ) bialkali semitransparent photocathodes 19 and have consistently achieved ~25% QE at 370 nm with good overall uniformity (±15%) 34 . Sealed tube bialkali cathode device lifetimes have improved using ALD coated MCPs 23 . Extending response to UV by using MgF 2 windows is relatively simple, and the large open area for ALD MCPs would enhance the QE. Alkali halides, or GaN, could be also applied to the MCP in the same device to boost FUV efficiency (Fig 25) , and the red response of the bialkali can be minimized by using thin cathodes. Comparison of semitransparent bialkali and opaque UV response at ~200 nm shows a 30% peak (MgF 2 window) 33 . CsI UV efficiency. Both can be combined in a sealed tube MCP Similar results have been obtained in other PMTs 35 & tests 36 .
(predicted curve assumes 50% transparency for the bialkali).
DETECTOR IMPLEMENTATION
There are a large number of MCP based detector systems that have been used in astronomical, solar and planetary mission instruments 31, 37, 38 (Fig. 27) for a UV spectroscopy sub-orbital experiment. Other devices, such as a Planacon 50 mm (32 x 32 pad) sealed tube bialkali photocathode device with ALD MCPs (Fig. 28) and a 25 mm aperture sealed tube with ALD MCPs with an opaque GaN(Mg) photocathode and XDL readout have been made. These each test some of the elements desired in the LUVOIR baseline. Over a three-year test period, the photocathode in the Planacon has not degraded at all 23 , outlining the low outgassing residuals for ALD MCPs. Over that same time period the GaN sealed tube shows no degradation of MCP gain 17 , background or pulse height distributions. Key elements in the development of ALD MCPs and cross strip readouts for future missions are their large area scalability and significant reduction in background event rates in addition to robust Biakali Cathode -gold color Alumina support "X" long term gain stability, and low outgassing rate after sealed tube processing. Also relevant is the ability to curve the MCPs to focal planes and reject in situ high energy background radiation. Important goals to achieve for LUVOIR/CETUS/HabEx include demonstrations of high throughput / high spatial resolution cross strip readouts and electronics for 200 mm formats using 10 µm pore ALD MCPs. Optimization of high efficiency / wide band photocathodes and hybrid cathodes with ALD MCPs in ≥100 mm sealed tubes is also an important step in realization of LUVOIR implementation.
